Angiogenesis, the formation of new blood vessels from a preexisting vascular bed, is a pivotal process not only in embryonic development but also in the progression of a variety of pathologic conditions. 1 A large number of molecules, which are composed of growth factors, cytokines, and lipid metabolites, are shown to be involved in pathophysiologic neovascularization by stimulating endothelial cells (ECs) directly or indirectly. 2 Some of these factors, including VEGF, often possess their abilities to increase vascular permeability and thus contribute to deteriorating tissue damage.
Introduction
Angiogenesis, the formation of new blood vessels from a preexisting vascular bed, is a pivotal process not only in embryonic development but also in the progression of a variety of pathologic conditions. 1 A large number of molecules, which are composed of growth factors, cytokines, and lipid metabolites, are shown to be involved in pathophysiologic neovascularization by stimulating endothelial cells (ECs) directly or indirectly. 2 Some of these factors, including VEGF, often possess their abilities to increase vascular permeability and thus contribute to deteriorating tissue damage.
Receptor activator of nuclear factor (NF)-B ligand (RANKL), also known as ODF, TRANCE, and OPGL, has well-understood roles in the skeletal and immune systems in which it induces osteoclast differentiation from hematopoietic precursors and regulates the function and survival of dendritic cells. 3 Recently, interest has grown in its physiologic and pathologic relevance to vascular biology. 4 Mounting evidence suggests that RANKL and its decoy receptor, osteoprotegrin (OPG), participate in multiple aspects of vascular calcification; for example, mice lacking OPG suffer late medial calcification of the renal and aortic arteries in addition to early onset osteoporosis. [5] [6] [7] Moreover, a role for the OPG/RANKL/ RANK axis in atherogenesis and plaque destabilization has been recently reported. 8 OPG inactivation accelerates advanced atherosclerotic lesion progression and calcification in older ApoE Ϫ/Ϫ mice. 9 TRANCE is strongly expressed in vascular cells in vitro, as well as in vivo. OPG and it are induced by inflammatory cytokines in human ECs, although with different temporal profiles. 10 In vivo, RANKL is present in the small blood vessels of the skin and in arterial smooth muscle cells, 11 and it appears to be up-regulated in atherosclerotic lesions, calcified vessels, and valves. 4, 6, 9 Moreover, the RANKL receptor, RANK, is also expressed in ECs of the rat coronary artery and developing blood vessels of the rat embryo in vivo, as well as in freshly isolated human umbilical vein ECs (HUVECs). 12 In agreement with these patterns of expression, RANKL stimulates the survival of cultured ECs and their production of inflammatory cell adhesion molecules; it also promotes in vitro angiogenesis by the ECs and elicits neoangiogenesis in animal models. 13 Moreover, VEGF increases RANK mRNA and protein in ECs, augmenting their angiogenic response to RANKL. 12 Therefore, the RANKL/RANK/OPG system is believed to be an important link between the vascular, skeletal, and immune systems.
Endothelium-derived nitric oxide (NO), originally identified as endothelium-derived relaxing factor, promotes angiogenesis and plays an important role in vascular remodeling and the maintenance of vascular integrity. 14, 15 In ECs, NO is a product of the conversion of L-arginine to citrulline by endothelial NO synthase (eNOS). eNOS produces low levels of NO constitutively but can be transiently stimulated to produce high levels by various hormones and environmental stimuli such as vascular endothelial growth factor (VEGF), angiopoietin-1, shear stress, and hypoxia. 16, 17 Moreover, eNOS knockout (KO) mice exhibit impaired postnatal angiogenesis in response to tissue ischemia. 15, 16 Although the mechanisms by which it promotes angiogenesis is not fully elucidated, NO has emerged as an important modulator of endothelial activation underlying physiologic and pathologic angiogenesis and inflammation.
The increased expression of RANKL in the injured blood vessels suggests the involvement of RANKL in vascular pathophysiology. However, little information is available for its vascular function and underlying signaling mechanisms in ECs. In the present study, our data demonstrate that RANKL has a significant effect on vascular permeability, which is governed by interendothelial junctions between adjacent cells. We further present genetic and pharmacologic evidence that endothelium-derived NO plays a critical role in promoting the vascular permeability and angiogenesis induced by RANKL.
Materials and methods

Cell culture and reagents
HUVECs were isolated from human umbilical cord veins by collagenase treatment, as described previously, 18 and were used in passages 2 to 7. They were grown in M199 medium (Invitrogen, Carlsbad, CA) supplemented with 20% fetal bovine serum (FBS). Soluble RANKL (hCD8-conjugated form) was purified from insect cells as described previously. 15 
Endothelial-cell migration assay
Chemotactic motility of HUVECs was assayed as described previously. 19 Briefly, the lower surface of the filter was coated with 10 g gelatin. Fresh M199 medium (1% FBS) containing RANKL was placed in the lower wells. The cells were trypsinized and suspended at a final concentration of 1 ϫ 10 6 cells/mL in M199 containing 1% FBS. One hundred microliters of the cell suspension was loaded into each of the upper wells, and the chamber was incubated at 37°C for 4 hours. The cells were fixed and stained with hematoxylin and eosin. Nonmigrating cells on the upper surface of the filter were removed by wiping with a cotton swab, and chemotaxis was quantified with an optical microscope (ϫ 200) by counting cells that had migrated to the lower side of the filter. Ten fields were counted for each assay.
Tube formation assay
Tube formation was assayed as previously described. 19 Briefly, 250 L growth factor-reduced Matrigel (10 mg protein/mL) was pipetted into a 16-mm diameter tissue culture well and polymerized for 30 minutes at 37°C. HUVECs incubated in M199 containing 1% FBS for 6 hours were harvested after trypsin treatment, resuspended in M199, plated onto the layer of Matrigel at a density of 1.8 ϫ 10 5 cells/well, and RANKL was added. After 20 hours, the cultures were photographed (ϫ 200). The area covered by the tube network was measured using an optical imaging technique in which pictures of the tubes were scanned in Adobe Photoshop (San Diego, CA) and quantified with Image-Pro Plus (Media Cybernetics, Silver Spring, MD).
Retroviral vectors and generation of stable transfectants
cDNA sequences encoding hemagglutinin (HA)-tagged dominant-negative TRAF2 (DN-T2) and Flag-tagged dominant-negative TRAF6 (DN-T6) were subcloned into pMSCVpuro vector (Clontech, Palo Alto, CA) and introduced into HEK293T cells (packaging cell line) with 1 g pVSV-G vector (Clontech) using LipofectAMINE Plus reagent according to the manufacturer's instructions. The next day, the virus in the supernatants of these cells was added to HUVECs along with 5 g/mL polybrene. After 24 hours of incubation, the medium was removed and replaced with fresh medium containing 3 g/mL puromycin. Puromycin-resistant clones were selected by incubating for 1 week in the presence of 3 g/mL puromycin. Protein expression was confirmed by Western blotting. 
Miles vascular permeability assay
Miles assay was performed as described previously. 20 Evans blue dye (100 L of a 1% solution in 0.9% NaCl) was injected into the tail vein of C57BL/6 wild-type (WT) and eNOS KO mice (n ϭ 7 per group). After 10 minutes, RANKL (10 g in 10 L PBS) was injected intradermally into the shaved back skin of mice. After 20 minutes, the animals were killed, and an area of skin that included the blue spot resulting from leakage of the dye was removed. Evans blue dye was extracted from the skin by incubation with formamide for 4 days at room temperature, and the absorbance of the extracted dye was measured at 620 nm with a spectrophotometer.
Perfusion of FITC-dextran
C57BL/6 WT and eNOS KO mice (8-10 weeks old, n ϭ 7 per group) were examined for vascular leakage after injection of RANKL. RANKL (10 g) or PBS was injected slowly into the vitreous cavity. After 24 hours, the mice were deeply anaesthetized using ketamine/xylazine and received an intravenous injection of 10 mg FITC-dextran (MW ϭ 20 000 D; Sigma, St Louis, MO). After 30 minutes, the eyes were enucleated and immediately fixed in 4% paraformaldehyde. The retinas were dissected out, cut in a Maltese cross configuration, flat-mounted on glass slides, and viewed with an Axioplan 2 fluorescence microscope equipped with a Zeiss Plan-Neofluar 20ϫ/0.50 NA objective lens (Zeiss, Gottingen, Germany). The vascular permeability was quantified by counting sites with extravasation of fluorescence at postcapillary vessel.
VE-cadherin translocation assay
HUVECs plated in 6-well plates were serum starved in medium 199 containing 1% FBS for 6 hours. They were then stimulated with 5 g/mL RANKL for 1 hour and fractionated in cytoskeleton-stabilizing buffer (10 mM HEPES [pH 7.4], 250 mM sucrose, 150 mM KCl, 1 mM EGTA, 3 mM MgCl 2 , 1 ϫ protease inhibitor cocktail [Roche Diagnostics, Mannheim, Germany], 1 mM Na 3 VO 4 , 0.5% Triton X-100) by centrifugation at 15 000g for 15 minutes. The proteins in the Triton X-100-insoluble and insoluble fractions were analyzed by Western blotting.
Measurement of nitrite plus nitrate
Production of nitrite plus nitrate (NOx) was measured by the ozonechemiluminescence method. Culture media from HUVECs were collected and assayed for NOx using a chemiluminescent NO analyzer (Antek Instruments, Houston, TX), 21 and quantified with sodium nitrate as standard.
eNOS activity assay
HUVECs were detached with PBS/EDTA (1 mM) and homogenized in 10 mM Tris-HCl pH 7.4. [ 3 H]-L-arginine to [ 3 H]-L-citrulline conversion was measured with 1 mM CaCl 2, with or without L-NAME (1 mM) using a NOS assay kit (Calbiochem, San Diego, CA).
In vivo Matrigel plug assay
Matrigel plug assays were performed as previously described. 22 Briefly, WT and eNOS KO mice (n ϭ 7 per group) were injected subcutaneously with 0.6 mL Matrigel containing RANKL and 15 U heparin. The injected Matrigel rapidly formed a single, solid gel plug. After 7 days, the skin of the mouse could be easily pulled back to expose the Matrigel plug, which remained intact. Hemoglobin was measured by the Drabkin method with Drabkin reagent kit 525 (Sigma) to quantify blood vessel formation. The concentration of hemoglobin was calculated from a known amount of hemoglobin assayed in parallel. To identify infiltrating endothelial cells, immunohistochemistry was performed with anti-CD31 antibody.
Aortic ring assay
Aortas were harvested from 6-week-old male Sprague Dawley rats, 6-to 8-week-old C57BL/6 WT, and eNOS KO mice. Plates (48-well) were coated with 100 L Matrigel, and, after it had gelled, the rings were placed in the wells and sealed in place with an overlay of 40 L Matrigel. RANKL and inhibitors were added to the wells in a final volume of 200 L human endothelial serum-free medium (Invitrogen). On day 6, cells were fixed and stained with Diff-Quick. The assays were scored, double blind, from 0 (least positive) to 5 (most positive). Each data point was assayed in sextuplet.
Mouse corneal angiogenesis assay
Eight-week-old male C57BL/6 WT and eNOS KO mice (n ϭ 7 per group) were used. After systemic and local eye anesthesia, a central, intrastromal linear keratotomy approximately 0.6 mm in length was performed with a surgical blade, and a micropocket was dissected toward the temporal limbus with a modified von Graefe knife. A sucrose aluminum sulfate pellet coated with Hydron polymer containing control buffer or RANKL (10 g/pellet) was positioned 0.6 to 0.8 mm from the corneal limbus. On postoperative day 6, we measured the arc of the corneal circumference occupied by angiogenesis (circumferential angiogenesis, in degrees) and vessel lengths and numbers.
Leukocyte infiltration
Eight-week-old male C57BL/6 WT and eNOS KO mice were anesthetized and received a topical application of RANKL (3 g/mL) or PBS. Twenty-four hours after RANKL application, the retroorbital venous sinus of each animal was injected intravenously with 200 L biotinylated Lycopersicon esculentum lectin (1 mg/mL; Vector Laboratories, Burlingame, CA), which binds to N-acetyl-D-glucosamine residues on the luminal surface of vascular endothelial cells. 23 To perfuse the mice, the chest cavity was opened, and the atria were cut to allow outflow of blood and perfusate. Mice were perfused with a fixative (1% paraformaldehyde, 0.5% glutaraldehyde in PBS) via the left ventricle. The ears were removed, and the vascular architecture was analyzed in whole mounts of mouse ears, using a ZEISS AxioSkop2 microscope equipped with a Plan-Apochromat 40ϫ/0.75 NA oil-immersion objective lens. Images of blood vessels and infiltrated leukocytes were captured using a ZEISS AxioCam camera with AxioVision 3.0 software.
Statistical analysis
Data are presented as mean Ϯ SD or Ϯ SE. Statistical comparisons between groups were performed using one-way ANOVA followed by Student t test.
Results
RANKL induces vascular hyperpermeability and leukocyte extravasation
Human CD8-conjugated soluble RANKL increased [ 3 H] sucrose diffusion through the pores of Transwell membranes in HUVEC monolayer culture in a dose-dependent manner ( Figure 1A ). The near maximal activity at 5 g/mL was comparable to that achieved with 20 ng/mL VEGF. To test whether RANKL induces vascular hyperpermeability in vivo, a modified Miles vascular permeability assay was performed using intravenous injection of Evans blue followed by intradermal injection of RANKL. RANKL strongly induced vascular hyperpermeability in the mouse skin, as shown by the increased leakage of Evans blue ( Figure  1B ). Spectrophotometric measurements of the extravasated Evans blue revealed that the increase was dose dependent ( Figure 1B) . We further investigated the effect of RANKL on leukocyte extravasation in vivo. The mice received an ear inoculation of vehicle or RANKL for 24 hours, and then leukocyte infiltration was monitored by in vivo perfusions with the lectin L esculentum. RANKL-treated mice showed a dramatic increase in leukocyte extravasation, as compared with vehicle-treated mice ( Figure 1C ). The identity of extravasated leukocytes was confirmed by CD11a staining in the ear section ( Figure 1D ).
Impairment of RANKL-induced vascular hyperpermeability in eNOS-deficient mice
The role of endothelial NO in RANKL-induced vascular permeability was evaluated. The NO synthase inhibitor NMA (Figure 2A) . Consistently, vascular hyperpermeability of the mouse skin by RANKL was substantially impaired in the eNOS KO mice compared with WT mice ( Figure 2B ). We further investigated the role of eNOS in retinal vascular permeability that is caused by breakdown of tight junctions between the retinal vascular endothelial cells. As shown in Figure 2C -D, injection of RANKL into the vitreous cavity of WT mice induced marked retinal vascular leakage as evidenced by the widespread, diffuse fluorescence. By contrast, the retinal vessels of the eNOS KO mice remained clearly delineated, with little or no leakage. Furthermore, the effect of RANKL on leukocyte extravasation in vivo was significantly abrogated in eNOS KO mice compared with WT mice (Figure S1A Vascular endothelial permeability is maintained by the endothelial junction proteins, VE-cadherin, and occludin. 24 The effect of RANKL on adherens junction (AJ) formation was examined by immunostaining with anti-VE-cadherin. In confluent ECs, VE-cadherin is located at cell-cell contacts. When HUVECs were treated with RANKL, the level of VE-cadherin at cell-cell junctions markedly decreased, and pretreatment with NMA blocked this effect ( Figure 2E ). Normally, VE-cadherin that is anchored to the actin cytoskeleton is detected in the detergent-insoluble fractions of cell lysates. 25 There was a decrease in VE-cadherin in the Triton X-100-insoluble fraction and a concomitant increase in the Triton X-100-soluble fraction after stimulation with RANKL. This effect was reversed by NMA ( Figure 2F ). Taken together, these results demonstrate that RANKL induces vascular hyperpermeability in an NO-dependent manner by promoting the breakdown of endothelial AJs.
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RANKL induces eNOS activation and NO production via a TRAF6/PI3K/Akt signaling pathway
To confirm whether RANKL stimulates NO production in endothelial cells, quiescent HUVECs were stimulated with RANKL and assayed for NO production and eNOS activity. RANKL increased NO production and eNOS activity ( Figure 3A-B) , without affecting the expression of eNOS protein ( Figure 3C ). The eNOS activity was evidently increased at 0.5 hours after RANKL treatment and sustained up to 24 hours ( Figure 3B ). eNOS is an isoform of NO synthase that is constitutively expressed in HUVECs and activated by Akt-mediated phosphorylation at Ser1177. 26, 27 When HUVECs were exposed to RANKL, there was a dose-dependent increase in phosphorylation of eNOS at Ser1177 ( Figure 3D ). The increase was detected within 10 minutes, reached a maximum at 20 to 30 minutes, and was sustained for nearly 24 hours ( Figure 3C ). Consistent with this, we detected an increase in Akt phosphorylation ( Figure 3C-D) . However, other phosphorylation sites of eNOS were not changed by RANKL treatment ( Figure S2) .
We further analyzed the signaling mechanism involved in RANKL-induced eNOS phosphorylation and NO production. RANK, like other TNFR family members, lacks catalytic activity and interacts with TRAFs that act as adaptors activating downstream signaling pathways. Of the TRAFs, TRAF2 and TRAF6 appear to be important components of the RANKL signaling pathway. 28 Overexpression of DN-T6 resulted in substantial inhibition of eNOS phosphorylation, eNOS activity, and NO production, whereas DN-T2 had no effect ( Figure 4A,C-D) . Recruitment of TRAF6 to the cytoplasmic domains of RANK can lead to the activation of PI3K that subsequently links to Akt pathway. Indeed, the PI3K inhibitors, LY294002 and Wortmannin, markedly inhibited RANKL-induced eNOS phosphorylation, whereas PP1, a potent Src tyrosine kinase inhibitor, had no effect ( Figure 4A ). Consistently, overexpression of ⌬p85, a dominant-negative mutant of the p85 regulatory subunit of PI3K, and DN-Akt, a dominantnegative mutant of Akt, inhibited RANKL-induced eNOS activation ( Figure 4B-D) . Taken together, these results indicate that RANKL stimulates the production of endothelial NO via a TRAF6-dependent PI3K/Akt signaling pathway acting on eNOS.
NO is required for RANKL-induced migration and capillary-like network by ECs
RANKL induced the formation of extensive capillary-like networks of ECs cultured on 2-D Matrigel matrix, and this effect was almost completely inhibited by pretreatment with NMA ( Figure  5A A-B) The levels of eNOS protein and the phosphorylation of Akt and eNOS by RANKL were determined by Western blotting (top). Blots are representative of 3 independent experiments. Densitometric analyses are presented as the relative ratio of P-Akt to Akt and P-eNOS to eNOS (bottom). (C-D) eNOS activity and NO production were measured as described in Figure 3A -B. Three independent experiments were performed in duplicate. Data are means Ϯ SDs; **P Ͻ .01 versus RANKL alone. 
5E-F)
. These results suggest that NO is required for the migration and differentiation of ECs in response to RANKL. In contrast to its lack of effect on EC capillary-like network, DN-T2 did inhibit the RANKL-induced increase in chemotactic motility of the HUVECs (Figure 5F ), pointing to the involvement of NO-independent pathways activated by TRAF2 in RANKL-induced EC migration.
eNOS plays a critical role in RANKL-induced angiogenesis
To further assess the role of NO in RANKL-induced angiogenesis, we compared endothelial-cell sprouting in the aortic ring segments from eNOS KO and WT mice. RANKL caused a 3-fold increase in endothelial-cell sprouting in WT mice, but this effect was significantly abrogated in the aortic rings from eNOS KO mice ( Figure  6A-B) . Furthermore, RANKL-induced sprouting of endothelial cells in the rat aortic rings was stimulated by RANKL, and this angiogenic response was inhibited by simultaneous treatment with Wortmannin or NMA ( Figure S3A-B) . We further analyzed the role of endothelial cell-derived NO in RANKL-induced neovascularization in vivo. Matrigel containing RANKL was subcutaneously injected into WT and eNOS KO mice, and 7 days later the Matrigel plugs formed in the mice were excised and analyzed. There was nearly 70 g/L (7 g/dL) hemoglobin in the plugs of the WT mice, whereas those of the KO mice contained only about 18 g/L (1.8 g/dL) ( Figure 6E) . Plugs of the WT mice exhibited significantly higher densities of CD31 ϩ endothelial cells than those of KO mice ( Figure 6C-D) . Consistently, in a corneal micropocket assay, RANKL was less angiogenic in the eNOS KO mice than in the WT mice as measured by the numbers of neovessels (Figure S4A-B) .
Discussion
The present results have revealed a novel action of RANKL, namely that of increasing vascular permeability in vitro and in vivo. Moreover RANKL can be added to the list of NO-dependent endothelial stimuli that promote both vascular leakage and angiogenesis. Our findings have implications for the role of RANKL in vascular physiology. Given its considerable adverse effects in adults, such as arterial calcification and inflammatory activation enhancing leukocyte adhesiveness, 5,29 our findings underline the possibility that RANKL is implicated in the development of vascular diseases.
Atherosclerosis has many characteristics in common with inflammatory disease characterized by infiltration of activated immune cells into the intima. 30 We have recently demonstrated that RANKL causes adhesion of leukocytes to ECs as a consequence of increased expression of cell adhesion molecules such as ICAM-1 and VCAM-1 in the ECs. 29 RANKL is produced by various cells, including vascular cells and activated immune cells close to blood vessels, and it exists in either a cell-bound or a secreted form. 3 Its expression, together with OPG, is also modulated by various factors such as the inflammatory cytokines, TNF-␣ and IL-1␤. 3 Under some circumstances, the ratio of RANKL to OPG in the vascular area increases, and this change may activate endothelial cells, which are thought to be involved in promoting the early stage of atherosclerotic inflammation, which is characterized by increased endothelial permeability, up-regulation of adhesion molecules, and transendothelial migration of leukocytes. 31, 32 Moreover, considering that angiogenesis and calcification are common features of advanced atherosclerotic lesions, the angiogenic and calcifying activities of RANKL may contribute to the development of atheromatous vessels. 33 Notably, this notion was supported by recent studies showing the enhanced expression of RANKL both in clinical and experimental atherosclerosis. 8 mRNA levels of RANKL were increased in T cells in patients with unstable angina accompanied by increased expression of RANK in monocytes. 8 In the apoE Ϫ/Ϫ mice, RANKL is significantly expressed within the atherosclerotic plaques, whereas no RANKL immunostaining was detected in the nonatherosclerotic vessel wall. 8 Furthermore, Bennett et al 9 have demonstrated that OPG inactivation results in larger and more calcified advanced lesions in the innominate arteries of older apoE Ϫ/Ϫ mice.
Vascular permeability is defined as the movement of fluids and molecules between blood vessels and the underlying tissues, and it is regulated by various inflammatory factors that break down intercellular endothelial junctions. 34 Although vascular leakage is not a prerequisite for blood vessel growth, increased vascular permeability often coincides with the early stage of angiogenesis and is also found in areas of diseased tissue in diabetic retinopathy, solid tumors, myocardial infarction, wounds, and chronic inflammation. 35 VEGF, originally isolated as a vascular permeability factor (VPF), is the best known angiogenic stimulus increasing the vascular permeability of microvessels to circulating macromolecules. 16 This VPF activity is correlated with various vascular pathophysiologies. 34 In contrast, endothelial permeability is not directly affected by bFGF and PDGF, or inhibited by angiopoietin-1, despite their prominent angiogenic activities. 35, 36 Our data show that the effect of RANKL on endothelial permeability is comparable to that of VEGF. Because RANKL does not increase VEGF expression in ECs, 13 RANKL-induced endothelial permeabilization and angiogenesis appear to be exerted by a direct action on ECs, independent of VEGF. Note that injection of RANKL, like VEGF, into the vitreous cavity causes breakdown of the bloodretinal barrier formed by tight junctions between the retinal vascular endothelial cells, even though the mode of action of RANKL on the retinal vasculature is unknown.
It is interesting that the effects of RANKL on ECs are so similar to those of VEGF. VEGF was originally isolated from the vasculature and was shown to play essential roles in vascular physiology during embryonic development, as well as in the evolution of various diseases of adult vasculature. It has been found that VEGF is also capable of directly enhancing osteoclastic bone resorption and promoting the survival of mature osteoclasts. 37 Conversely, although RANKL was discovered as a factor active in bone remodeling, its role in vascular disease is increasingly recognized. 38 For example, inhibition of RANKL with OPG or RANK fusion proteins or RANKL antibodies reduced chronic inflammatory disorders and malignant tumors in animal models, in addition to bone loss caused by osteoporosis. 38 Our current and previous findings that RANKL promotes vascular permeabilization, angiogenesis, 13 and proinflammatory activation provide further evidence of the adverse effects of RANKL on adult vasculature. 29 Our data also demonstrate the prominent roles of eNOS in RANKLinduced angiogensis and vascular permeability in vitro and in vivo. Many angiogenic factors, but not all, use NO as mediator in their angiogenic effects. Treatment of ECs with RANKL increased NO production, together with increased eNOS activity ( Figure 3A-B) . Blockage of NO release prevented RANKL-induced EC migration and capillary-like network formation in vitro, as well as sprouting of ECs from rat aorta ( Figure 5 ; Figure S3 ). Both the mouse Matrigel plug assay and the cornea micropocket assay revealed that RANKL-induced neovascularization was substantially impaired in eNOS KO animals ( Figure 6 ; Figure S4 ). Thus, it is clear that NO generated from eNOS is required for angiogenic responses to RANKL. The signaling mechanism involved in vascular permeabilization is complex and involves a wide array of factors that affect cell-cell junctions, cell-matrix interaction, and cytoskeletal organization. Involvement of protein kinase C (PKC) and Rho-mediated signaling pathways has been demonstrated in the endothelial permeability induced by various stimuli. 39 NO also seems important in mediating vascular permeability, but this is context dependent. In ischemia-reperfusion injury models, NO has been shown to maintain vessel integrity. 15 However, it increased vascular permeability in tumors and in chronic inflammation. 35 Our present data indicate that NO plays an important role in RANKL-induced vascular permeability because vascular leakage in the skin of mice and in the retina induced by RANKL was significantly reduced in eNOS KO mice, and these in vivo findings were confirmed by measuring permeability and VEcadherin junction in cultured endothelial cells. However, RANKLinduced permeability was not completely blocked by inhibiting NO production, pointing to the contribution of other signaling components such as PKC, which is activated in ECs by RANKL. 29 RANKL causes NO production by ECs via PI3K/Akt-dependent eNOS activation (Figure 4A-D) . Although eNOS is constitutively expressed in ECs, its activity can be modulated by variation in its level of expression or by reversible phosphorylation on Ser1177. 27 Treatment of ECs with RANKL did not alter the levels of eNOS mRNA and protein ( Figure 3C ). However, it led to phosphorylation of eNOS at Ser1177, a major phosphorylation site for Akt, and this was blocked by a dominant-negative form of Akt. Moreover, blockage of either PI3K or Akt resulted in a significant reduction in NO production in response to RANKL. Recently, we demonstrated the involvement of Src and PLC pathway in RANKL-induced angiogenesis. 13 However, the Src inhibitor PP1 had no effect on RANKL-induced eNOS activation, indicating that Src is not upstream of the Akt/eNOS pathway by RANKL. Our data also point to a predominant role of TRAF6 in the RANKL-induced NO production. Previous studies in nonendothelial cells have shown that TRAF adaptor proteins such as TRAF2, TRAF5, and TRAF6 can associate with the cytoplasmic tail of RANK and activate various intracellular signaling pathways. 28 We have recently demonstrated that TRAF2 and TRAF6 play an important role in RANKL-induced NF-B activation in endothelial cells, which leads to increased endothelial CAM expression and EC-leukocyte interactions. 29 Surprisingly, a dominant-negative form of TRAF6 but not of TRAF2 inhibited NO production and phosphorylation of Akt and eNOS. Because PI3K mediates Akt phosphorylation, TRAF6 probably links the membrane receptor RANK to PI3K in ECs. Therefore, these results suggest a multifaceted role of TRAF6 in the RANK-mediated angiogenic and inflammatory signaling pathways in ECs.
In summary, the present study provides the first evidence that RANKL increases endothelial permeability in addition to stimulating angiogenesis as previously shown, and it reveals that these effects are dependent on endothelium-derived NO. These findings suggest that elevated RANKL levels in the vascular area may lead directly to endothelial activation and may make an important contribution to the occurrence of angiogenesisdependent inflammatory vascular diseases such as atherosclerosis.
